ABSTRACT Cytosolic ribosomes that stall during translation are split into subunits, and nascent polypeptides trapped in the 60S subunit are ubiquitinated by the ribosome quality control (RQC) pathway. Whether the RQC pathway can also target stalls during cotranslational translocation into the ER is not known. Here we report that listerin and NEMF, core RQC components, are bound to translocon-engaged 60S subunits on native ER membranes. RQC recruitment to the ER in cultured cells is stimulated by translation stalling. Biochemical analyses demonstrated that translocon-targeted nascent polypeptides that subsequently stall are polyubiquitinated in 60S complexes. Ubiquitination at the translocon requires cytosolic exposure of the polypeptide at the ribosome-Sec61 junction. This exposure can result from either failed insertion into the Sec61 channel or partial backsliding of translocating nascent chains. Only Sec61-engaged nascent chains early in their biogenesis were relatively refractory to ubiquitination. Modeling based on recent 60S-RQC and 80S-Sec61 structures suggests that the E3 ligase listerin accesses nascent polypeptides via a gap in the ribosometranslocon junction near the Sec61 lateral gate. Thus the RQC pathway can target stalled translocation intermediates for degradation from the Sec61 channel.
INTRODUCTION
The translation cycle can be interrupted during elongation for a range of pathological reasons, leading to a stalled ribosome-nascent chain (RNC) complex (Inada, 2013; reviewed by LykkeAnderson and Bennett, 2014) . Such stalls can be caused by mRNAs truncated within the coding region, translation into a poly A tail, rare codons, amino acid insufficiency, and mRNA damage or secondary structure. Stalling often signifies a defective mRNA and consequently initiates mRNA decay pathways (Doma and Parker, 2006; Shoemaker and Green, 2012) . In addition, the stalled ribosome must be recycled (Shoemaker et al., 2010; Tsuboi et al., 2012) , and the partially synthesized nascent polypeptide must be targeted for degradation (Ito-Harashima et al., 2007) . These recycling and quality control reactions ensure protein homeostasis (Lykke-Anderson and Bennett, 2014) , and deficiencies in the respective factors are associated with stress at the cellular level (Bengtson and Joaziero, 2010; Brandman et al., 2012) and neurodegenerative disease in mammals (Chu et al., 2009; Ishimura et al., 2014) .
Degradation of the unfinished nascent chain products of stalled ribosomes was first appreciated in yeast by Inada and colleagues (Ito-Harashima et al., 2007; Dimitrova et al., 2009) . Polyubiquitination of such nascent chains was subsequently found to occur at the ribosome (Bengtson and Joaziero, 2010) , eventually defining a ribosome quality control (RQC) pathway (Brandman et al., 2012; Defenouillère et al., 2013; Verma et al., 2013) . Commitment to degradation before release into the bulk cytosol presumably minimizes the potential for aggregation or inappropriate interactions. The RQC pathway is now known to comprise multiple factors whose respective functions, order of activity, and mechanism of action are coming into focus.
The first step after stalling appears to be recognition by ribosome rescue factors that split the RNC into the 60S large and 40S
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Immunoblotting of highly purified pancreatic rough ER microsomes (RMs) revealed both listerin and NEMF ( Figure 1A ). Comparison to reticulocyte lysate indicated that the listerin:NEMF ratio was similar in both samples and that 0.1 μl of microsomes (at A 280 = 50) contains the same amount of both factors as 1 μl of rabbit reticulocyte lysate (RRL). Quantification of ribosomes (by A 260 after their sedimentation) and listerin (by immunoblotting relative to serial dilutions of purified recombinant protein) suggested that both RMs and RRL contain ∼1 listerin/∼100 ribosomes. Thus the abundance of RQC factors relative to ribosomes is roughly the same in the cytosol and ER membranes.
Sucrose gradient analysis of solubilized RMs showed nearly all listerin comigrating in ribosomal fractions ( Figure 1B ). Removal of ribosomes from RMs using puromycin and high salt (to yield puromycin/KOAc-washed RMs [PKRMs] ) also removed listerin ( Figure  1C ), suggesting that its membrane association was ribosome dependent. We tested this by incubating either RMs or PKRMs with reticulocyte lysate S-100 supplemented with FLAG-tagged listerin. Reisolation of the membranes followed by solubilization and sucrose gradient analysis showed that RMs, but not PKRMs, could recruit listerin from the cytosol ( Figure 1D ). The small amount of listerin recovered with PKRMs appeared to represent aggregates, since it was found in the pellet fraction of the gradient. By contrast, the majority of listerin recruited to RMs cofractionated with ribosomes. Thus listerin can be recruited to the ER membrane via membrane-bound ribosomes presumably docked at ER translocons.
To test this directly, we used nondenaturing affinity purification to assess a possible 60S-listerin-translocon ternary complex ( Figure 1E ). Anti-Sec61β immunoprecipitation (IP) from natively solubilized RMs specifically recovered ribosomes, TRAPα (a translocon component), and both listerin and NEMF (lane 6). Conversely, anti-listerin IP recovered both Sec61 and TRAP (lane 7). None of these proteins were detectable when preimmune antibodies were used (lane 5). Of note, affinity purification of ribosome-free translocons via either Sec61β or TRAPα did not recover listerin or NEMF (unpublished results), suggesting that their interaction was via the ribosome. Furthermore, whereas the Sec61β IP recovered both the small and large ribosomal subunits, the listerin IP was enriched preferentially for the latter (compare the uL6:uS9 ratios in lane 6 vs. lane 7). Thus ER microsomes appear to contain a ternary complex of 60S subunits, the translocon, and the RQC complex. Because stable association of NEMF with 60S requires a peptidyl-tRNA (Shao et al., 2015) , these complexes are likely to contain endogenous nascent chains. Similarly, listerin-60S association is not stable without NEMF (Shao et al., 2015) , further arguing for a functional complex derived from an RNC.
If the ER association of RQC components is functionally relevant for clearing stalled translocating polypeptides, then translational stalls should enhance RQC recruitment to membrane-bound ribosomes. To test this, we treated cultured cells with either the translation elongation inhibitor cycloheximide (CHX) or the initiation inhibitor pactamycin. CHX stalls translation to generate potential RQC clients, whereas pactamycin causes ribosomes to run off, vacating them of any nascent proteins (Shao et al., 2013) . To preferentially isolate ER-bound ribosomes, we exploited their association with the translocon. Several translocon components are N-glycosylated, permitting their facile isolation together with bound ribosomes using the lectin concanavalin A (ConA). small subunits (Shao et al., 2013) . Although very short nascent chains would drop off the 60S subunit upon splitting (Shoemaker et al., 2010) , longer polypeptides remain trapped as peptidyl-tRNAs (Shao et al., 2013) . Structural studies by cryo-electron microscopy (cryo-EM) revealed that an exposed tRNA in the 60S P site is recognized by NEMF (Rqc2 in yeast) to facilitate its stable binding at the intersubunit interface of the 60S (Lyumkis et al., 2014; Shao et al., 2015; Shen et al., 2015) . Biochemical analyses in the mammalian system (Shao et al., 2015) found that NEMF binding simultaneously precludes 40S reassociation and facilitates recruitment of listerin, an E3 ubiquitin ligase.
Listerin (Ltn1 in yeast) has two points of interaction in the 60S complex: at the subunit interface, where it contacts NEMF, and near the ribosomal exit tunnel, where it binds ribosomal proteins eL22 and eL31 (Lyumkis et al., 2014; Shao et al., 2015; Shen et al., 2015) . These interactions were shown to stabilize listerin on the 60S, position its RING ligase domain close to the exit tunnel, and lead to highly processive nascent chain ubiquitination (Shao et al., 2015) . Nascent chain extraction from the 60S seems to require Cdc48 (Defenouillère et al., 2013; Verma et al., 2013) , whose recruitment to the ribosome requires Rqc1 and polyubiquitin (Brandman et al., 2012; Defenouillère et al., 2013) . However, the mechanisms of these steps are not clear.
Although there has been substantial recent progress toward mechanism, less is known about the range of substrates normally serviced by the RQC pathway. The majority of studies in both yeast and mammals used model stall-inducing mRNAs, including truncation and polybasic stretches. However, the frequency of these events in vivo is not clearly established, and ribosome profiling experiments in yeast strains lacking ribosome recycling factors are only now emerging (Guydosh and Green, 2014) . Furthermore, all studies to date have focused on cytosolic proteins.
Nonetheless, approximately one-fourth of mRNAs code for proteins that are targeted to organelles (von Heijne, 2007) . In mammals, the vast majority of these are translocated into the endoplasmic reticulum (ER) cotranslationally (Nyathi et al., 2013) . Thus it is likely that on average, roughly one-fourth of all translational stalls would occur on ribosomes engaged at a protein translocation channel. Although the RQC is an attractive pathway to clear such stalled translocons, two obstacles potentially preclude its involvement. First, the region around the ribosome exit tunnel is highly crowded when bound to the translocon (Pfeffer et al., 2014) . This may sterically preclude listerin access to the nascent polypeptide. Second, secretory proteins are usually transferred directly from the ribosomal exit tunnel into the Sec61 channel, with little or no cytosolic exposure (Crowley et al., 1994; Park and Rapoport, 2012) . The situations under which stalled nascent secretory proteins can become cytosolically exposed for possible ubiquitination are not clear.
In yeast, enforced stalling at an ER translocon was targeted by the ribosome rescue factors Dom34 and Hbs1 (Izawa et al., 2012) . In the absence of this pathway, the stall could not be efficiently resolved, resulting in impaired translocation due to limited translocon availability. The fate of the partially synthesized polypeptide, albeit assumed to be released into the ER lumen and targeted for ER-associated degradation, was not examined. However, it is now appreciated that RNCs split by ribosome rescue factors can recruit downstream RQC factors to mediate nascent chain ubiquitination. Thus it is plausible that split RNCs docked at the ER translocon can be targeted by the RQC pathway. We examined this idea by analysis of endogenous RNCs on ER microsomes isolated from native tissue and in vitro reconstitution of defined stalled RNCs docked at ER translocons. Our results indicate that the RQC pathway accesses stalls occurring RQC membrane association is via the ribosome, this finding suggests that the RQC pathway is able to target translocon-associated ribosomes when they stall.
Ubiquitination of ER-targeted stalled nascent chains in vitro
To investigate the idea of stalled RNC ubiquitination at the ER, we combined in vitro targeting and translocation assays with ubiquitination analysis. Two types of ER-targeting constructs were prepared:
Treating cells with CHX caused increased recovery of NEMF by immobilized ConA relative to untreated cells (Figure 2 ). By contrast, pactamycin pretreatment resulted in essentially no NEMF binding to ConA, serving as a specificity control. As expected, ribosome and translocon recovery was similar among all samples. Thus the RQC component NEMF is recruited to the ER (as judged by its capture via an ER-specific modification) in a translation stall-enhanced manner. Taken together with the foregoing interaction data showing that FIGURE 1: An RQC-ribosome-translocon ternary complex at the ER membrane. (A) Different amounts of total RRL or canine RMs at OD 280 of 50 were analyzed by immunoblotting for listerin and NEMF. (B) Total RM (T) was solubilized in physiological salt buffer containing 1% Triton X-100 and the soluble fraction (S) separated on a 10-50% sucrose gradient. All fractions were immunoblotted for listerin and ribosomal proteins uL6 and uS9. (C) Different amounts of RM and PKRM (RM stripped with puromycin and high salt) were analyzed for listerin and Sec61β content by immunoblotting. (D) Either RM (R) or PKRM (P) was incubated for 30 min at 32°C with S100 of RRL supplemented with FLAG-tagged listerin (FLAG-Ltn) at 20-fold the endogenous amount. The membranes were isolated by centrifugation, solubilized in physiological salt buffer containing 1% Triton X-100, and separated by sucrose gradients as in B. Aliquots at each stage were analyzed by immunoblotting. FLAG-listerin is recruited to RM but not PKRM and is associated with ribosomes (in fractions 5-7). (E) Total RMs (T) were solubilized and the soluble fraction (S) subjected to affinity purification using immobilized anti-Sec61β (Sec), anti-listerin (Ltn), or preimmune IgG (Pre). Aliquots of the flowthrough (FT) and eluate fractions were analyzed by immunoblotting. The smeared signal of NEMF (and to some degree, listerin) is a consequence of their partial aggregation after precipitation of these samples with trichloroacetic acid. lengths (lanes 4-9), the polypeptides were efficiently signal cleaved and glycosylated, with full-length protein nearly quantitatively entering the microsome lumen (lanes 10-12). By contrast, the N7a-RNCs were not processed or glycosylated at any length, and the full-length protein remained cytosolic ( Figure 3C ). Sucrose gradient sedimentation of in vitro translation reactions ( Figure 3D , top) was used to optimize separation of free RNCs (primarily in fractions 6 and 7) from the microsomes (fraction 11). As expected (Kim et al., 2002) , N7a-RNCs and pPL-RNCs both target to microsomes (with the latter being more efficient), whereas a targeting-deficient signal peptide mutant termed N3a failed to associate with microsomes in this assay ( Figure 3D, graphs) . It is worth noting that whereas this method generally separates cytosolic from membrane-bound RNCs, a small amount of cytosolic RNCs pellet in the membrane fraction ( Figure 3D , fraction 11 in samples lacking microsomes). However, as verified in later experiments (Figure 4 ), this material was not a target for ubiquitination and appears instead to represent aggregates that are inert to the events analyzed in this study. Thus, for the purpose of subsequent experiments, we defined fraction 6 as containing cytosolic RNCs and fraction 11 as containing membrane-bound RNCs. These constructs provided us the tools to assemble and isolate stalled 35 S-labeled RNCs of a defined length on either free or translocon-bound ribosomes, with the latter being inserted into (pPL) or residing outside (N7a) the translocon (see diagrams in Figure 3A ).
We then analyzed such RNCs at two different lengths (137 and 191 residues beyond the signal peptide, hereafter termed short and long RNCs for simplicity) for ubiquitination competence by incubation with E1 and E2 (UbcH5a) enzymes, histidine (His)-tagged ubiquitin, and ATP. The reaction products were then purified via the His tag to recover ubiquitinated species, and the 35 S-labeled nascent chains were visualized by autoradiography. As expected from earlier work (Shao et al., 2013; Shao and Hegde, 2014) , cytosolic short RNCs of both N7a and pPL were ubiquitination competent ( Figure  4A , lanes 1 and 5). It is worth noting that these cytosolic RNCs can engage signal recognition particle (SRP) in the cytosol (Jungnickel and Rapoport, 1995; Kim et al., 2002) , which apparently does not substantially preclude either ribosome splitting or RQC function. The relationship between SRP binding and the RQC pathway remains to be examined. On delivery to the membrane, the RNCs release from SRP and are transferred efficiently to the translocon (Jungnickel and Rapoport, 1995; Kim et al., 2002) . We found that membrane-targeted short N7a-RNCs remained ubiquitination competent, but short pPL-RNCs were far less so ( Figure 4A , lanes 4 and 8). Of importance, recovery of ubiquitinated RNCs was strictly dependent on added E1 and E2. Note that although a small amount of cytosolic RNC is recovered in fraction 11 (lanes 2 and 6), this is not ubiquitinated in this assay and therefore does not contribute to the ubiquitination signal seen with microsomes.
Protease protection assays showed that N7a and pPL nascent chains are located in different spaces ( Figure 4B ). Short N7a-RNCs were quantitatively digested by cytosolic protease (lane 5), whereas the matched pPL-RNCs were only partially digested (lane 2), losing the tRNA and a few residues of polypeptide. Knowing that ribosomes reaching the end of a truncated mRNA can be split by ribosome recycling factors (Shao et al., 2013) , we interpret this result to indicate digestion at the exposed intersubunit interface. Polypeptide that emerged from the exit tunnel would be inserted into the Sec61 channel, which, at this length, would shield it effectively from cytosolic protease. N7a-RNCs, by contrast, would be digested at both the exit tunnel and intersubunit interface, resulting in complete loss. As expected, both sets of RNCs were effectively digested in one that can translocate efficiently, and another that targets to but cannot productively engage the Sec61 channel ( Figure 3A ). The translocating construct contained the well-characterized and highly efficient signal peptide from pre-prolactin (pPL), whereas the nontranslocating construct contained a mutant PrP signal peptide termed N7a (Kim et al., 2002) . This mutant signal peptide interacts with SRP, targets to the ER translocon, but fails at Sec61 gating. Thus, the ensuing nascent polypeptide is translated at the translocon but exposed to the cytosol. Both constructs were otherwise equivalent and contained a small folded domain (termed VHP; McKnight et al., 1996) , a diagnostic glycosylation site, and an otherwise unstructured polypeptide taken from the N-terminal region of hamster prion protein.
Glycosylation and sedimentation assays of in vitro-translated full-length and truncated RNCs of both constructs validated their expected behavior. We first prepared truncated RNCs of different lengths in the presence or absence of microsomes that were competent or inhibited for glycosylation ( Figure 3 , B and C). We observed that the pPL nascent chains were neither signal cleaved nor glycosylated to a substantial amount at a length of 137 residues after the signal peptide ( Figure 3B , lanes 1-3). At longer nascent chain the presence of detergent (lanes 3 and 6). Taking this together with the ubiquitination results, we conclude that membrane-bound stalled RNCs that fail to engage Sec61 channel can be ubiquitinated from the cytosol, whereas those that insert into Sec61 cannot.
Extending these RNCs by 55 residues led to a different situation. Whereas these long N7a-RNCs were ubiquitinated similarly to the short RNCs, the long, membrane-bound pPL-RNCs were now ubiquitination competent ( Figure 4C ). On the basis of current models of protein translocation, we formulated a working hypothesis to explain these observations. First, the factors that recognize stalled ribosomes and split them (Pelota, Hbs1, and ABCE1; Pisareva et al., 2011) would have access to both cytosolic and membrane-bound RNCs and convert them to 60S-RNCs. This would permit recruitment and assembly of RQC factors. In the case of N7a-RNCs, the exposed nascent chain (even at the membrane) could be ubiquitinated at either the shorter or longer length. By contrast, the short pPL-RNC would engage and insert completely into the Sec61 channel but not translocate sufficiently to have its signal peptide cleaved (verified in Figure 3B ). This nascent chain would be in a looped orientation and essentially buried within the Sec61 channel. The uncleaved signal peptide and the ensuing small folded domain would prevent appreciable backsliding, minimizing exposure to the cytosol.
When this polypeptide is extended, the signal peptide is cleaved, and the N-terminal domain gets glycosylated. This leaves ∼125 residues between the end of the folded VHP domain and the peptidyl-transferase center (PTC). As shown earlier, such a configuration would permit passive sliding back and forth (Ooi and Weiss, 1992) and exposure of the polypeptide to the cytosol (Connolly et al., 1989; Hegde and Lingappa, 1996) . We posited that cytosolic exposure of the longer RNCs makes them targets for ubiquitination, whereas the minimally exposed shorter RNCs cannot be ubiquitinated (see diagrams in Figure 3A ). (A) Schematic of the construct used to generate RNCs, illustrating the positions of lysine residues (in red), the VHP folded domain (green), glycosylation sites (blue), and sites of truncation to generate short and long ribosome-nascent chain complexes (RNCs). Shown below the line diagram are the expected configurations of RNCs containing a nonfunctional (N7a) and functional (pPL) signal peptide. (B) Truncated mRNAs of the indicated lengths (or a terminated full-length mRNA) for the pPL construct were translated in reticulocyte lysate containing or lacking RMs and an acceptor peptide (AP) that competitively inhibits glycosylation. The dots, upward arrowheads, and downward arrowheads indicate positions of the precursor, signalcleaved, and fully glycosylated products for each construct, respectively. Note that the truncated mRNAs generated primarily tRNA-linked species, with lesser amounts of non-tRNA attached products migrating ∼25 kDa smaller. These products are mostly due to hydrolysis during sample preparation for electrophoresis, since nearly all translation products are ribosome associated (see D). Full-length products made without RMs get ubiquitinated, seen as a ladder above the primary translation product. (C) Analysis of the N7a signal peptide construct as in B reveals that this protein does not get translocated appreciably. As with the pPL construct, full-length N7a products made without RMs get ubiquitinated, seen as a ladder above the Translocating polypeptides are ubiquitinated at the ribosome We tested this model by first determining whether the ubiquitinated products are ribosome associated. After ubiquitination of the long, membrane-docked pPL-RNCs, the microsomes were solubilized and separated on sucrose gradients, and each fraction was analyzed for ubiquitinated products via ubiquitin pull downs. The majority of ubiquitinated RNCs comigrated with 60S subunits together with listerin ( Figure 5A , top). The identical profile was observed for membrane-bound N7a-RNCs ( Figure 5A , bottom), as well as for various stalled cytosolic RNCs (Shao et al., 2013) . Thus nascent polypeptides ubiquitinated at the membrane reside on the large subunits of split ribosomes.
To test whether ribosome association facilitated nascent chain ubiquitination, we treated the membrane-bound long pPL-RNCs with puromycin before adding E1, E2, ubiquitin, and ATP. As a control, CHX was added instead of puromycin during the incubation. Relative to untreated and CHX-treated samples, the puromycin-treated samples resulted in ∼40% less ubiquitinated nascent chain recovery ( Figure 5B, lanes 1-3) . This partial effect was due to incomplete (∼50%) reactivity of puromycin under these physiological salt concentrations (as judged by tRNA removal from the nascent chain), perhaps due to lower activity on 60S-nascent chains rather than intact 80S. Puromycin treatment after the ubiquitination reaction had no effect on ubiquitinated nascent chain recovery, arguing against a nonspecific effect of puromycin ( Figure 5B , lanes 4-6).
Next we asked whether the ubiquitinated nascent chains were being translocated as opposed to being a minor population that had failed translocation similar to the N7a-RNCs. At this nascent chain length, the former model predicts that the nascent chains should be glycosylated, whereas the latter predicts they should not. We therefore subjected the ubiquitination reaction to a double-affinity purification to capture glycoproteins (with ConA) and ubiquitin (via its tag). This resulted in recovery of radiolabeled nascent chains ( Figure 5C , lane 2), the specificity of which was verified by parallel reactions in which ubiquitination or glycosyation was prevented (lanes 1 and 3, respectively).
As a second approach, we used ubiquitination conditions for pPL-RNCs that produced chains of only a few ubiquitins visible as a ladder rather than a high-molecular weight smear. Treatment of these products with PNGase F led to a systematic ∼4-kDa shift of each band, illustrating that they were glycosylated ( Figure 5D ). Thus, although short pPL-RNCs are inaccessible to ubiquitination at the translocon, longer RNCs that have been partially translocated and glycosylated can be ubiquitinated. These ubiquitinated products are still associated with the ribosome and, of importance, cofractionate with 60S subunits and listerin. Thus translocating polypeptides are capable of being targeted by the RQC pathway. Ubiquitination by this pathway appears to be more FIGURE 4: Ubiquitination of membrane-bound RNCs. (A) Short RNCs containing the pPL or N7a signal peptides were produced in reactions containing or lacking RMs. The RNCs were separated by sucrose gradient (as in Figure 3D ), and fractions 6 and 11 were subjected to ubiquitination by addition of purified E1, E2, ubiquitin, and ATP. Control reactions lacked E1 and E2. The input RNCs (bottom) and ubiquitin pull downs (Ub-PD) from reactions containing (top) or lacking (middle) E1 and E2 were analyzed by SDS-PAGE and autoradiography. Note that the RNCs in fraction 11 without microsomes appear to be aggregates that are not ubiquitinated (e.g., lanes 2 and 6). (B) Membrane-bound short RNCs prepared as in A were analyzed by a protease-protection assay. Reactions lacked or contained proteinase K (PK) without or with detergent (Det). The tRNA-linked and hydrolyzed nascent chains (NCs) are indicated. The additional higher-molecular weight band in the pPL sample is glycosylated product ( Figure 3B ). (C) Experiment as in A but using long RNCs of pPL and N7a constructs.
Nascent chain requirements for RQC access
Listerin, the E3 ligase of the RQC pathway, accesses its nascent chain clients near the ribosomal exit tunnel (Shao and Hegde, 2014) . efficient in vitro than downstream quality control such as ERAD, since release from the ribosome with puromycin reduced nascent chain ubiquitination. Figure 3D , ubiquitinated, solubilized with nondenaturing conditions, and separated on 10-30% sucrose gradients. Each fraction was subjected to ubiquitin pull downs and autoradiography to visualize ubiquitinated nascent chains (top two panels) or analyzed by immunoblotting. The positions of 60S and 80S are indicated. The ubiquitinated products comigrate with listerin in 60S fractions. Note that the 25 fractions were run on two gels that were processed identically and spliced (between lanes 12 and 13 or between 13 and 14) to generate the composite images. (B) Membrane-bound long pPL RNCs were isolated and left untreated (untr.), incubated with 1 mM puromycin (puro.), or incubated with 300 μg/ml CHX. They were then subjected to ubiquitination. Another set of reactions was treated identically, but with the order of treatments reversed. Aliquots of the total products and ubiquitin pull downs are shown. Note that puromycin release (as judged by tRNA hydrolysis) is only ∼50% efficient (compare lane 1 to lane 2). (C) Membrane-bound long pPL RNCs were prepared in the absence or presence of a glycosylation AP to inhibit glycosylation and isolated as in Figure 3D . They were then subjected to ubiquitination in reactions that contained or lacked E1 and E2. The samples were then sequentially double purified using reagents against the ubiquitin and the glycan. The final recovered nascent chains are shown at the top and an aliquot of the input at the bottom. (D) Purified ubiquitinated products from a 5-min ubiquitination reaction of membrane-bound long pPL RNCs were either analyzed directly (input) or further incubated without or with PNGase F before analysis. Bands corresponding to ubiquitin chains of different length shift systematically down upon PNGase F treatment (indicated by the forked lines for each ubiquitin species). chain is in the ER lumen (and hence, glycosylated), whereas the C-terminus is attached to a P-site tRNA at the PTC, this Lys-containing loop must necessarily be cytosolically accessible (i.e., ubiquitinated) between the ribosomal exit tunnel and the cytosolic vestibule of the Sec61 channel. We next varied this exposed loop (in regions flanking but not including the Lys residues) to begin placing constraints on what is accessible to the RQC pathway (see diagrams in Figure 7, A and B) . Deletion of 19, 29, or 39 residues N-terminal to the Lys residues had no substantial effect on ubiquitination of either cytosolic or membranebound RNCs (Figure 7C, right) . As expected, all of the membrane-bound RNCs represented translocated products, as judged by signal sequence cleavage and glycosylation ( Figure 7C, left) . Starting with the shortest of these (∆39), we progressively shortened the nascent chain from the PTC side. Shortening it by 10 residues caused a partial (∼50-60%) diminishment in ubiquitination at the membrane, whereas length reductions of 15 or more prevented ubiquitination markedly ( Figure 7D, right) . Of importance, each of these nascent chains had their Lys residues outside the ribosomal tunnel ( Figure 7 , A and B), arguing against a trivial reason for failed ubiquitination. Indeed, they were all ubiquitinated effectively when tested as cytosolic RNCs ( Figure 7D ). It is worth noting that all the RNCs that were not effective ubiquitination targets at the membrane were primarily signal uncleaved and nonglycosylated ( Figure 7D , left). These RNCs are probably configured similarly to the short pPL RNCs, suggesting that very early translocation intermediates are not substantively exposed to the cytosol for ubiquitination.
The shortest nascent chains accessible to the RQC at the membrane (the ∆39∆10 construct) have 76 residues between the folded VHP in the microsome lumen and the PTC. Assuming that ∼50 residues are the absolute minimum to span from the PTC to the lumenal face of Sec61 (Voorhees et al., 2014) , ∼25 residues could potentially "loop out" into the cytosolic space via the ribosome-translocon junction. With a PTC-to-lumen distance of 64 residues (Kowarik et al., 2002) , only 12 residues would be cytosolically available. Although finer mapping with additional deletion mutants and Lys positioning is certainly possible, the present results place general constraints on the approximate degree of nascent chain exposure minimally required for the RQC.
Modeling of RQC assembly on translocon-engaged ribosomes
To understand the relative spatial relationships between the RQC and translocon, we modeled their ternary complex with 60S subunits using recent cryo-EM structures of individual complexes (Voorhees et al., 2014; Shao et al., 2015) . The RWD domain of listerin contacts For the longer pPL-RNC docked at the translocon, the area around the exit tunnel could contain up to ∼75 exposed residues, assuming backsliding to the VHP folded domain and a completely unstructured chain to the PTC ( Figure 6A) . Mutation of the four Lys residues to Arg within this potentially exposed segment substantially reduced ubiquitination efficiency of membrane-docked pPL-RNCs ( Figure 6B , left) without an appreciable effect on the matched cytosolic RNCs (Figure 6B, right) . Of note, whereas the Lys mutant was clearly impaired in ubiquitination, this modification was nevertheless observed over time. We do not know whether this reflects modification at one of several Ser and Thr residues (Shimizu et al., 2010) or perhaps eventual unfolding and backsliding of the VHP domain (which contains five Lys residues). In any event, this result verifies that the primary site(s) of ubiquitination at the membrane are in this Lys-containing region. Given that the N-terminus of the nascent Figure 3A . The approximate regions inside the ribosome exit tunnel and within the Sec61 channel are indicated by brackets. The arrows depict the potential range of nascent chain sliding within the Sec61 channel. The four lysine residues mutated to arginine to generate the ∆K construct are indicated. Right, hypothesized architecture of the RNC, showing the four lysines (red dots) that may be exposed at the ribosome-translocon junction. (B) Long pPL RNCs or a matched construct lacking lysines 116, 119, 121, and 125 (termed ∆K) were targeted to the membrane, isolated as in Figure 3D , and subjected to a ubiquitination time course. A parallel reaction was performed on the identical cytosolic RNCs (right). The purified ubiquitinated products were analyzed by autoradiography (top), the quantification of which is plotted at the bottom. chain backsliding through Sec61 would also access the cytosol via this gap, making them available to the RING domain of listerin. This modeling exercise suggests that the RQC and Sec61 would not be mutually exclusive, and that various types of partially synthesized nascent chains can potentially be accessed by the E3 ligase domain of listerin. These conclusions are consistent with our biochemical observation of a ternary 60S-RQC-Sec61 complex, ubiquitination of a glycosylated nascent chain, and evidence for ubiquitination of polypeptides cytosolically looped out at the ribosome-translocon junction.
DISCUSSION
Our results provide a number of insights into the range of substrates accessible to the RQC pathway. The main advance is the discovery that translational stalls during protein translocation can lead to nascent chain ubiquitination on the ribosome. Because ubiquitination is necessarily a cytosolic modification, the nascent chain must be exposed to the cytosol. For a polypeptide that fails to successfully engage the Sec61 complex, this is straightforward. Such polypeptides would emerge from the ribosomal exit tunnel and escape into the cytosol at the ribosome-translocon junction (Jungnickel and Rapoport, 1995) . This is supported by protease accessibility assays in this and earlier studies (e.g., Jungnickel and Rapoport, 1995; Kim et al., 2002) . Such a gap has long been observed structurally and postulated to facilitate egress of cytosolic domains during membrane protein biogenesis (Menetret et al., 2000; van den Berg et al., 2004) . Indeed, the lateral gate is positioned such that cytosolic domains adjacent to transmembrane segments access this gap during membrane insertion into the lipid bilayer . Thus, although not directly examined in this study, stalled integral membrane proteins should typically have cytosolically exposed regions amenable to ubiquitination. Secretory proteins pose a more challenging problem. Here the nascent chain has the opportunity to pass directly from the ribosomal exit tunnel into the Sec61 channel, and it is generally believed that secretory proteins are shielded from the cytosol during their translocation. However, it has long been observed that presumed translocation intermediates assembled by translating truncated mRNAs are sometimes accessible to cytosolic protease (Connolly et al., 1989; Hegde and Lingappa, 1996; Rutkowski et al., 2001) . This seems to be both length and position specific and confirmed by antibody accessibility assays (Hegde and Lingappa, 1996) . These observations can now be rationalized with the available ribosometranslocon structures and the knowledge that Sec61 is a passive channel permissive for bidirectional nascent chain movement (Ooi and Weiss, 1992; Matlack et al., 1999; Bauer et al., 2014) .
We posit that after initiation of cotranslational translocation, unidirectional transport is imparted by a combination of lumenal interactions with chaperones and partial nascent chain folding (Ooi and Weiss, 1992; Brodsky et al., 1995; Dierks et al., 1996; Young et al., 2001; Willer et al., 2003) . The narrow Sec61 channel would prevent backsliding in both cases, even for very small folded regions (Kowarik et al., 2002) . On abrupt stalling, nascent chains can probably backslide partially to the last stably folded domain (Ooi and Weiss, 1992) . This would explain why some truncation sites give a very specific protected fragment (Hegde and Lingappa, 1996) , which we now interpret as backsliding to a defined position. Thus many sites of truncation may permit at least partial cytosolic exposure that could be exploited for ubiquitination.
The minimum extent of exposure needed for ubiquitination is probably in the range of ∼12-25 residues. This may vary somewhat, depending on positions of Lys residues, a parameter we have not the ribosome at eL22 and eL31 (Shao et al., 2015) . It is positioned such that the C-terminal end of this domain, to which the RING domain is attached, lies away from the ribosomal surface and points toward the exit tunnel ( Figure 8A ). The RING does not appear to actually contact the ribosome (Shao et al., 2015) and is likely to be flexibly tethered to the RWD to facilitate nascent chain access. In the context of a translocon-bound 60S, RWD binding would not sterically clash, potentially leaving space for the RING near the ribosome-Sec61 junction.
The side of Sec61α facing the RWD is ∼90° rotated from its major ribosome-binding site and opposite the side that binds Sec61γ ( Figure 8B ). This face contains the lateral gate through which transmembrane domains egress from the channel into the lipid bilayer Park et al., 2014; Voorhees et al., 2014) . Furthermore, a substantive ∼20-Å gap between the ribosome and Sec61 exists on this side where cytosolic loops of membrane proteins are believed to exit. In the case of polypeptides targeted to but not translocated through Sec61, this gap would also permit a route into the cytosol. Thus it is reasonable to posit that nascent (Shao et al., 2015; Voorhees et al., 2014) . The site where the catalytic RING domain would be attached is indicated with a red arrow. The large gap between Sec61 and the ribosome is indicated. Asn at residue 12. Mutation of the four Lys residues (at positions 116, 119, 121, and 125) to Arg to generate the ∆K construct ( Figure  6 ) was by site-directed mutagenesis. Deletion constructs ( Figure 7) were made by inverse PCR and deleted residues 77-95 (∆19), 77-105 (∆29), or 77-115 (∆39). Plasmid encoding FLAG-tagged listerin and purification of the encoded protein have been described (Shao and Hegde, 2014) . The following commercial antibodies and affinity resins were used: anti-listerin (Abcam, Cambridge, United Kingdom), anti uL6 and uS9 (Santa Cruz Biotechnology, Dallas, TX), anti-FLAG M2 (Sigma-Aldrich, St. Louis, MO), ConA Sepharose (GE Life Sciences, Piscataway, NJ), and chelating Sepharose (GE Life Sciences). The following custom antibodies have been described: anti-NEMF (Shao et al., 2015) and anti-Sec61β and anti-TRAPα (Fons et al., 2003) . For affinity purification, anti-listerin antibodies were raised in rabbits immunized with a C-terminal peptide (CLALWKNNVD-KRFEGVED) conjugated to KLH via the N-terminal cysteine. Ubiquitination reagents (E1 enzyme, UbcH5a, and His-ubiquitin) were obtained from Boston Biochem (Cambridge, MA). PNGase F was from New England Biolabs (Ipswich, MA). Crude reticulocyte lysate was obtained from Green Hectares (Madison, WI). Preparation and use of pancreatic RMs has been described (Walter and Blobel, 1983) .
In vitro translation
Preparation and use of reagents for in vitro transcription and translation were as described (Sharma et al., 2010) . Unless otherwise indicated, translation reactions were for 30 min at 30-32°C and chilled on ice before further manipulations as detailed later. Where indicated, the translation reactions contained canine RMs added to an amount that gave optimal translocation without appreciable inhibition of translation (typically 0.5 μl of RMs at an OD 280 of 50 per 10 μl of translation reaction). Glycosylation was inhibited where indicated by adding an acceptor peptide (AP) for N-linked glycosylation (Asp-Tyr-Thr) to a final concentration of 80 μM. Protease protection assays were performed on microsomes isolated from translation reactions as described before (Fons et al., 2003) .
Biochemical fractionation
Stripping of ribosomes from RM to generate PKRM ( Figure 1C ) was as described (Gorlich and Rapoport, 1993) . Sucrose gradient separation in most experiments (except Figure 5A ) was for 1 h at 55,000 rpm using 2 ml of 10-50% sucrose (wt/vol) in the TLS55 rotor (Beckman, Brea, CA). Sample volume was typically 100 or 200 μl. Eleven fractions were removed from the top, and pelleted material was taken up in the 11th fraction. In experiments in which membranes were separated from free ribosomes (e.g., Figure 3D ), the gradients contained physiological salt buffer (PSB): 100 mM KAc, 2 mM MgAc 2 , and 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4. Experiments with solubilized membranes (e.g., Figure 1 , B and D) also included 0.1% Triton X-100. The higher-resolution gradient in Figure 5 used a 5-ml 10-30% (wt/vol) sucrose gradient in phosphate-buffered saline (PBS) containing 0.1% Triton X-100. Centrifugation was for 2 h at 50,000 rpm in the MLS-50 rotor. Twenty-five fractions of 0.2 ml were removed from the top. To isolate membranes in Figure 1D , the sample was layered onto a 500-μl 30% sucrose cushion in PBS and centrifuged for 15 min at 50,000 rpm in a TLA55 rotor (Beckman). Membrane isolation in all other experiments used gradient separation (as in Figure 3D ) to more effectively remove cytosolic ribosomes. Removal of ribosomes from reticulocyte lysate to produce S-100 was as before (Shao et al., 2013) . Note that subunits are not completely removed, as observed by their reassociation with the membrane to a small degree in Figure 1D . examined systematically. This length is sufficient to protrude up to 50 Å away from the ribosome-translocon gap, presumably providing access to listerin. The binding site for listerin near the exit tunnel is not sterically exclusive with the translocon or membrane and leaves space for the flexible RING domain to sample the vicinity. Even in the face of some steric limitations (e.g., for E2 recruitment), listerin binding at this site is not essential for nascent chain ubiquitination (Shao et al., 2015) . It appears that as long as the primary binding site to NEMF is intact, the long and flexible listerin can dispense with its exit tunnel binding site to still ubiquitinate nascent chains, albeit with slightly reduced processivity. This may well be the mode in which it acts at the membrane.
The types of translational stalls at the membrane are presumably similar to the (still poorly defined) types that engage the RQC pathway in the cytosol, such as reading into a poly A tail, truncated mRNA, and so forth. In addition, it is intriguing to consider that ERlocalized mRNAs may be selectively subjected to other types of stalls that might also engage this pathway. One possibility would be a consequence of nonspecific nucleolytic cleavage during severe ER stress in a process termed regulated Ire1-dependent decay (RIDD; Hollien and Weissman, 2006; Hollien et al., 2009 ). This pathway is believed to dampen substrate load on the ER but may have the added consequence of generating stalled translocation substrates that need to be cleared from the translocon. The RQC pathway may become particularly important under such circumstances and may explain why these components are remarkably abundant on pancreatic ER microsomes. Schizosaccharomyces pombe uses only the RIDD pathway to alleviate ER stress (Kimmig et al., 2012) , and it may be an ideal system to test its dependence on the RQC pathway.
A second situation in which stalling might occur would be if protein biogenesis events were linked to translation. It has been postulated that translocon components may communicate between chaperone availability in the ER lumen and translation in the cytosol (Dudek et al., 2005; Benedix et al., 2010) . Particularly difficult-to-assemble proteins such as apolipoprotein B and cystic fibrosis transmembrane conductance regulator may display translational stalls under certain conditions that could explain their observed ubiquitination at the Sec61 channel before complete synthesis (Sato et al., 1998; Zhou et al., 1998) . In general, an important goal in the future is to begin to define the physiological client range for the RQC pathway in both the cytosol and at the ER under different conditions.
Targeting polypeptides for degradation at the translocon may provide two advantages to the alternative option of release into the ER, where it can be handled by ERAD. First, the RQC pathway appears to be agnostic to folding status, allowing degradation of substrates (such as one domain of a multidomain protein) that might escape ERAD. Second, the polypeptide would already be partially dislocated from the ER and poised at a translocation channel, making its extraction logistically simpler than during ERAD. How a polyubiquitinated and partially translocated product on a 60S-translocon complex is subsequently resolved remains to be determined. This disassembly reaction for the analogous cytosolic RQC complex also remains poorly understood, and these late steps of the pathway merit attention in future work.
MATERIALS AND METHODS Materials
Plasmids encoding the pPL, N7a, or N3a signal peptide fused to hamster prion protein (Kim et al., 2002) were modified in two ways: 1) insertion of the 37-residue autonomously folding VHP domain (McKnight et al., 1996) between residues 29 and 30 after the signal peptide; 2) introduction of a glycosylation site by mutation of Gly to
Glycosylation analysis
After ubiquitination, the samples were denatured at 95°C in 1% SDS and 0.1 M Tris, pH 8, subjected to affinity purification of ubiquitinated products with immobilized Co 2+ as described, and eluted with 1% SDS, 0.1 M Tris, pH 8, and 200 mM imidazole. After dilution 10-fold in pull-down buffer, the samples were incubated with immobilized ConA for 1.5 h at 4°C, washed three times in pulldown buffer, and eluted with SDS-PAGE sample buffer. In a separate experiment, the denatured and purified ubiquitinated products were incubated with PNGase F or no enzyme, followed by SDS-PAGE. The digestion conditions were as recommended by the manufacturer.
Cultured cell analyses
Drug treatments (mock treatment with dimethyl sulfoxide, 50 μg/ml cycloheximide, or 0.2 μM pactamycin) were for 20 min at 37°C on actively growing (∼50% confluent) HEK293T cells in 10-cm dishes. Cells were washed once with PBS and the bulk cytosol extracted in 200 μl of 25 mM HEPES, pH 7.4, 125 mM KAc, 15 mM MgAc 2 , 100 μg/ml digitonin, 50 μg/ml cycloheximide, 40 U/ml RNasin (Promega, Madison, WI), 1 mM dithiothreitol (DTT), and 1× EDTAfree protease inhibitor cocktail (Roche, Basel, Switzerland). The noncytosolic membrane fraction of the remaining cells was next extracted with 200 μl of extraction buffer (25 mM HEPES, pH 7.4, 150 mM KAc, 15 mM MgAc 2 , 1 mM DTT) containing 1% Deoxy Big CHAP (DBC), 50 μg/ml cycloheximide, 40 U/ml RNasin, and 1× EDTA-free protease inhibitor cocktail. This detergent extract was clarified by centrifugation in a microcentrifuge at full speed for 10 min and then subjected to purification with immobilized ConA (50-μl packed volume/extract from half a 10-cm dish of cells). After incubation for 1 h at 4°C, the beads were washed twice in extraction buffer containing 0.2% DBC and once with extraction buffer containing 0.5% DBC and eluted in SDS-PAGE sample buffer for analysis by immunoblotting.
Ubiquitination assays
Cytosolic or membrane-bound RNCs were obtained by collecting fraction 6 or 11, respectively, from sucrose gradient separations of in vitro translation reactions as in Figure 3D . These were either flashfrozen in liquid nitrogen for subsequent use or subjected to ubiquitination reactions immediately. Ubiquitination reactions were as described (Shao et al., 2013; Shao and Hegde, 2014) and used 75 nM E1, 250 nM UbcH5a, an ATP-regenerating system (1 mM ATP, 10 mM creatine phosphate, 20 μg/ml creatine kinase), and 10 μM His-ubiquitin. Reactions were carried out in PSB, and incubation times were typically 10 min at 32°C unless otherwise indicated in the figures. In nearly all experiments, control reactions lacking E1 and/or E2 were analyzed in parallel and found to yield no signal. Examples are shown in Figure 4 . After ubiquitination, samples were typically denatured in 1% SDS and 0.1 M Tris, pH 8, heated to 95°C, diluted 10-fold in pull-down buffer (0.5% Triton X-100, 250 mM NaCl, 50 mM HEPES, pH 7.4) containing 20 mM imidazole, and processed for isolation of ubiquitinated products via immobilized Co 2+ (Shao et al., 2013) . In Figure 5A , samples after ubiquitination were not denatured but instead solubilized with 1% Triton X-100 and separated on sucrose gradients. Individual fractions were then denatured and the ubiquitinated products isolated as described. Where indicated in the text and figures, quantification was performed by either phosphorimaging or densitometry of scanned autoradiographs.
Affinity purification
For Figure 1E , microsomes were solubilized in 1% DBC, 125 mM Kac, 50 mM HEPES, pH 7.4, and 2 mM MgAc 2 . Insoluble material was removed by centrifugation at 13,200 rpm × 10 min, and the solubilized samples were incubated with protein A Sepharose preconjugated to antibodies against Sec61β, listerin C-terminus, or preimmune immunoglobulin G (IgG). After 1.5 h at 4°C, the beads were washed twice in solubilization buffer containing 0.5% DBC, twice in solubilization buffer containing 0.5% DBC and 400 mM KAc, and one final time in solubilization buffer containing 0.5% DBC. Elution was with the immunizing peptide at 1 mM for 30 min at 21°C (the preimmune sample was eluted with the Sec61β peptide). A second elution was performed the same way, and the two eluates were pooled, precipitated with trichloroacetic acid, and solubilized in SDS-PAGE sample buffer for downstream analysis.
